Steroid hormone receptors have been traditionally considered to act via the regulation of transcriptional processes, involving nuclear translocation and binding to specific response elements, and ultimately leading to regulation of gene expression. However, novel non-transcriptional mechanisms of signal transduction through steroid hormone receptors have been identified. These so-called 'nongenomic' effects do not depend on gene transcription or protein synthesis and involve steroid-induced modulation of cytoplasmic or cell membrane-bound regulatory proteins. Several relevant biological actions of steroids have been associated with this kind of signaling. Ubiquitous regulatory cascades such as mitogen-activated protein kinases, the phosphatidylinositol 3-OH kinase and tyrosine kinases are modulated through non-transcriptional mechanisms by steroid hormones. Furthermore, steroid hormone receptor modulation of cell membrane-associated molecules such as ion channels and Gprotein-coupled receptors has been shown. Tissues traditionally considered as 'non-targets' for classical steroid actions are instead found to be vividly regulated by non-genomic mechanisms. To this aim, the cardiovascular and the central nervous system provide excellent examples, where steroid hormones induce rapid vasodilatation and neuronal survival via non-genomic mechanisms, leading to relevant pathophysiological consequences. The evidence collected in the past years indicates that target cells and organs are regulated by a complex interplay of genomic and non-genomic signaling mechanisms of steroid hormones, and the integrated action of these machineries has important functional roles in a variety of pathophysiological processes. The understanding of the molecular basis of the rapid effects of steroids is therefore important, and may in the future turn out to be of relevance for clinical purposes.
Introduction
Steroid hormone receptors (SRs) are transcription factors regulating the expression of target genes (1) . Binding of steroid hormones to the specific SR ligand-binding domain (LBD) induces a conformational modification of the receptor, followed by the separation of the receptor from cytoplasmic chaperone proteins such as heat shock protein 90 (Hsp90) and by the exposure of nuclear localization sequences. This allows nuclear translocation and homo/heterodimerization of the ligand-bound receptors, and their binding to steroid response elements (i.e. nucleotide sequences specifically recognized by SRs) on the promoter regions of the target genes, thus regulating gene expression by interacting with the transcription machinery (1) (Fig. 1) .
However, the observation of effects elicited by steroid hormones which are too rapid to be mediated by activation of RNA and protein synthesis has prompted the search for alternative signaling mechanisms. Additional indications for new ways of steroid signaling have been provided by the discovery of receptor subfractions localized at the cell membrane level (2, 3) , that have been indicated as potentially responsible for the non-nuclear effects of steroid hormones.
Different terms have been used to distinguish these non-conventional signaling mechanisms, the more popular being 'non-genomic' or 'non-nuclear'. However, these mechanisms may be more properly indicated as 'non-transcriptional', so as to underline that DNA binding of the receptors and RNA synthesis are not required. The classification of these effects is still poor, due to the incomplete knowledge of the molecular basis, which explains the different phenomena that have been described as 'non-genomic' actions of SRs. The definition itself of these mechanisms is a 'negative' one, defining what these phenomena are not, instead of one describing their specific characteristics. As practical rules, non-transcriptional effects can be indicated as: (i) actions that are too rapid to be compatible with RNA and protein synthesis (i.e. that ensue within seconds to minutes from the challenge with the hormone); (ii) actions that can be reproduced in the presence of inhibitors of RNA or protein synthesis; (iii) actions that can be reproduced by using steroid hormones coupled to cell membrane-impermeable molecules; (iv) actions that steroid hormones induce in cells with highly compacted chromatin, in which RNA and protein synthesis are absent (such as spermatozoa); and (v) actions that are elicited by steroid hormones via binding to receptors containing mutations which make them incapable of activating transcriptional processes. A full understanding of the nature of these mechanisms is still far from being accomplished, and up to now only descriptive information on different non-transcriptional effects of steroid hormones has been accumulated (4) .
Cell membrane SRs
One of the most compelling arguments in favor of the presence of non-nuclear actions of steroid hormones is represented by the localization of a pool of SRs at the cell membrane level. Pioneering evidence for the existence of such a distinct subpopulation was provided in the late 1970s by the work of Pietras & Szego, who described the presence of cytoplasmic membrane binding sites for estradiol (E 2 ) in endometrial cells (2) . Since then, several reports on these receptors have been contributed using imaging techniques, and evidence that these molecules mediate important cellular actions has accumulated (5). Indeed, plasma membrane estrogen receptors (ERs) have been advocated to be involved in the regulation of cell membrane ion channels (6 -8), G-protein-coupled receptors (GPCRs) (9) , tyrosine kinases and mitogen-activated protein kinases (MAPKs) (10, 11) . Moreover, they have also been shown to activate adenylate cyclase production (12) , as well as to trigger phospholipase C (PLC) activation (13) .
A lively debate has been ongoing for some time on the nature of these putative membrane ERs. After the failure of the identification of a structurally distinct ER isoform with membrane localization sequences, there is a growing consensus that the naturally occurring ER can per se localize at the cytoplasmic membrane, and that therefore these receptors would be in equilibrium with the pool of cellular ERs. In agreement, recent transfection studies suggest that both ERa and ERb can localize to the cell membrane (14) . It is also possible that localization to the cell membrane may depend on the interaction with specific membrane structures, and indeed both ER isoforms have been shown to localize in caveolae (15, 16) .
Cell membrane binding sites have been described also for other steroid hormones. Particularly, binding sites for testosterone have been identified on rat osteoblasts (17) , in macrophages (18) and T lymphocytes (19) , in prostate cells (20) as well as in vascular cells (21) . Membrane progesterone receptors (PRs) have also been studied, and they have been found to be of particular relevance in sperm cells, where they are responsible for the rapid, non-genomic activation of Ca 2+ and Cl 2 channels, leading to the acrosomal reaction (22) . Additional cell types where membrane progesteronebinding sites have been described are represented by osteoblasts (23) , granulosa cells (24) and oocytes (25) . The specific function of these cell membrane SRs has not been fully ascertained, but there seems to be a solid link with the activation of rapid signaling. This is also suggested by the relative abundance of membrane receptors in organs and tissues where steroid non-genomic signaling has been more consistently observed, such as the cardiovascular (26) and central nervous (27) systems. However, although there is relevant evidence indicating the existence of cell membrane SRs, many studies suffer from technical limitations. Indeed, the best studies have been conducted using overexpression systems, which may generate artifacts by inducing non-specific localization of the receptors to non-physiological intracellular sites due to the excessive amounts of molecules produced in the cell.
Non-genomic signaling mechanisms of sex steroid hormones
Non-genomic actions of steroid hormones result from the recruitment of signaling pathways that are often associated with cell membrane receptors such as GPCRs, ion channels or enzyme-linked receptors (28) . Through the recruitment of such pathways, steroids rapidly regulate multiple cellular functions, but can also modulate longer-term processes such as gene expression, protein or DNA synthesis and cell proliferation (29) .
GPCRs
Regulation of GPCRs by steroid hormones is one of the best characterized mechanisms of non-genomic signaling. ERs can couple to PLC beta by interacting with a Gprotein in osteoblast cells (13) . This leads to a rapid increase in intracellular Ca 2+ concentration due to Ca 2+ mobilization from the endoplasmic reticulum and to the formation of inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG) (13) . Coupling with Gproteins seems to be restricted to certain isoforms, since in transfected COS-7 cells ERa interacts with Ga i but not with Ga q or Ga s (30) . ERa can also interact with Gbg subunits (31) . No reports have been published up to now on interactions between the b isoform of ER and G-proteins.
Progesterone modulates the activity of GPCRs, such as the oxytocin receptor. However, while direct binding of the hormone to the oxytocin receptor has been shown (32, 33) , resulting in interference with oxytocin binding, a direct involvement of the PR has not been reported.
Androgen receptors (ARs) have also been indicated to interact/modulate GPCRs, through indirect lines of evidence (34) . Indeed, in a macrophage cell line expressing membrane AR, but lacking intracellular AR, rapid Ca 2+ mobilization upon treatment with testosterone is prevented by the administration of pertussis toxin or by PLC inhibitors (35) .
Modulation of membrane receptors linked to G-proteins may possibly explain a variety of cellular actions of sex steroids, such as regulation of the PLC/DAG/IP 3 cascade (31, 36) , intracellular Ca 2+ mobilization and activation of protein kinase C (PKC) (13) , and activation of the adenylate cyclase/protein kinase A pathway (37) .
Cell membrane ion channels
One of the earliest observed rapid actions of sex steroids is the regulation of transmembrane ion fluxes. Several cell types are exquisitely sensitive to intracellular ion content variations, and rapid channel modulation by steroids results in relevant biological effects.
Sex steroids act as vasodilators, and part of this effect relies on the modulation of intracellular Ca 2+ in endothelial and smooth muscle cells. In vascular smooth muscle cells (VSMCs), E 2 treatment inhibits the voltage-dependent L-type Ca 2+ channels (7). E 2 also controls K + efflux in VSMCs, by opening Ca 2+ -and voltage-activated K + (BKCa) channels via cGMP-dependent phosphorylation (38) . It is unclear whether the ER has any direct role in the control of membrane ion channels, but E 2 can independently bind and activate Maxi-K + channels (8) . These structures consist of a pore-forming a subunit and of a regulatory b subunit which increases the channel sensitivity to Ca 2+ . E 2 directly binds to the regulatory subunit therefore activating the Maxi-K + channel (8) . Progesterone administration is also known to regulate ion fluxes. Sperm cells are characterized by a highly compacted chromatin, and do not accomplish significant RNA or protein synthesis, thus representing an excellent model to study non-genomic actions of steroids. Progesterone induces rapid Ca 2+ influx in spermatozoa by targeting a membrane Ca 2+ channel (39) and therefore activating the acrosomal reaction. Control of Ca 2+ influx at the cell membrane level may be linked to the local presence of PRs (40) mobilization from the endoplasmic reticulum (23) . However, Ca 2+ regulation by progesterone seems to be cell-specific, since in VSMCs progesterone exerts opposite effects, reversibly inhibiting KCl-induced elevation of cytosolic-free Ca 2+ by blunting L-type Ca 2+ channel inward current, therefore decreasing the peak inward current (41) . This Ca 2+ -antagonist action may explain part of progesterone's vasodilatory actions observed in vivo (42) .
It is noteworthy that in VSMCs, E 2 , progesterone and testosterone have similar effects, reducing contractility and cell Ca 2+ influx in de-endothelialized coronary artery strips isolated from castrated male pigs (43) . However, testosterone effects are more pronounced than those of estrogen, possibly due to the parallel activation of large-conductance, BKCa channels (44, 45) .
Protein kinase signaling pathways
Between the signaling machineries that are regulated by sex steroids are the MAPK cascades, several tyrosine kinases and lipid kinases. These pathways are ubiquitous transducers of the signals coming from different growth factors, and their activation is linked to a variety of important cellular events including gene expression, cell proliferation and survival.
MAPKs and tyrosine kinases The activation of the MAPK pathways by sex steroids has been characterized in several tissues. Although large overlaps exist, MAPKs are organized in three step-modules, where an upstream kinase phosphorylates and activates the downstream MAPK (46) . Three main cascades are described, the extracellular signal-regulated kinase (ERK) 1/2, the p38 and the stress-activated protein kinase (SAPK) or c-Jun NH 2 -terminal kinase (JNK) cascades (46, 47) .
The relationship between MAPKs and SRs is complex, as several levels of mutual regulation exist (48) .
On the one hand, MAPKs can lead to ligand-independent activation of SRs. Indeed, ERs, PRs, ARs, retinoic acid receptors, retinoid X receptors and vitamin D receptors all exhibit ligand-independent activation under appropriate conditions, although the specific role of MAPKs is not known for all of these receptors. In the case of the ER there is good evidence that receptor phosphorylation plays a role in ligand-independent activation, and MAPKs are responsible for such phosphorylation (49) (Fig. 2) .
On the contrary, exposure to estrogens leads to rapid activation of the ERK 1/2 module in various cell types. In nerve cells, membrane-impermeable E 2 rapidly triggers ERK 1/2 activation, leading to c-Fos immediateearly gene transcription (11) . A similar rapid activation can be found in osteoblasts (50) as well as in white adipocytes (51) .
Activation of MAPK may be finely tuned by the coordinated interaction with other signaling cascades. For instance in adipocytes, pertussis toxin, PP2 and wortmannin reduce the magnitude of MAPK activation by E 2 (51) suggesting the parallel involvement of the Giprotein/Src family kinase/phosphatidylinositol 3-OH kinase (PI3K) pathways for the functional activation of MAPKs (Fig. 2) . In breast cancer cells, E 2 -induced ERK activation is mediated by a heregulin/human epidermal growth factor receptor-2/PKC-d/Ras pathway, and leads to E 2 -dependent growth-promoting effects (52) . Moreover, estrogen deprivation causes breast cancer cells to develop hypersensitivity to the mitogenic effect of E 2 , and there is evidence that hypersensitivity to E 2 depends on enhanced MAPK activity (53), therefore suggesting a strong interrelationship between the ER and the MAPK pathways.
In breast cancer cells, progesterone plays a relevant role in the regulation of ERK 1/2. Indeed, the B isoform of the PR stimulates the activated ER to recruit the Src/p21 ras /ERK pathway (54) , revealing a functional cross-talk between SRs, which could be relevant for their growth-promoting effects on cancer cells. But PR can also per se interact with p42 MAPK, which in turn is able to phosphorylate PR in vitro (25) .
Although less is known about the regulation of the other MAPK modules, the p38 cascade is activated by estrogen in endothelial cells (55) . In this cell type, E 2 rapidly activates p38b, leading to MAPKAP-2 kinase activation and to phosphorylation of Hsp27. Through this pathway, E 2 preserves stress fiber formation, and actin and membrane integrity. Moreover, E 2 -induced p38 activation prevents hypoxia-induced apoptosis, and induces the migration of endothelial cells and the formation of primitive capillary tubes (55) .
Opposite to the other MAPK modules, estrogens downregulate the activity of JNK (56) . In breast cancer cells, E 2 inhibits Taxol-or UV-stimulated JNK activity, therefore abrogating Bcl-2 and Bcl-xl phosphorylation and caspase activation (57) . In parallel, the steroid also activates ERK protein kinase activity (57) . These molecular events may play a role in E 2 -dependent prevention of chemotherapy or radiationinduced apoptosis in breast cancer cells.
Testosterone is also able to regulate the MAPK family of protein kinases. Recent work indicates that, via a cell membrane AR, testosterone induces a rapid rise in the intracellular free Ca 2+ concentration in macrophages (18) . Testosterone does not in itself activate the ERK 1/2, p38, or JNK/SAPK cascades; however, testosterone attenuates the lipopolysaccharide-dependent activation of p38 (but not that of ERK 1/2 and JNK/SAPK) (18) .
A prominent feature of sex steroids is also represented by activation of tyrosine kinases. Estrogen treatment of various cell types induces protein tyrosine phosphorylation. This has been shown in different cell types, including osteoclasts, where E 2 stimulates a profound increase in phosphotyrosine immunostaining of proteins within 1 min of treatment (58) . Src kinase is one of the phosphorylated intermediates and it appears to translocate to the plasma membrane and to have enhanced kinase activity during estrogen treatment (58) . Tyrosine kinase activation by estrogen seems also to be involved in the recruitment of other non-genomic pathways, such as MAPK. For instance, E 2 signaling to ERK 1/2 can occur via a G-proteindependent, pertussis toxin-sensitive pathway that requires Src-related tyrosine kinase activity and tyrosine phosphorylation of the Shc adapter protein (59). Indeed, E 2 treatment is associated with transactivation of the epidermal growth factor receptor (EGF-R), and E 2 signaling to ERK 1/2 can be blocked by inhibiting EGF-R tyrosine kinase activity (59) . Moreover, recent data also indicate that the transactivation of EGF-R may represent another cell membrane-based effect of E 2 , being mediated by the GPCR, GPR30 (60), although other data support a direct interaction between ER and EGF-R (61). The interaction of tyrosine kinases and MAPK pathways may be of particular importance in breast cancer cells, where estrogen may drive growth factor-dependent cellular responses through these mechanisms, but there is evidence that it may be relevant also in neurons (62) .
Rapid activation of tyrosine kinases is accomplished also by progesterone. In sperm cells, cell membrane PR interaction with protein tyrosine kinases accounts for the ion channel regulation that is required for the acrosomal reaction (40) . Although the mechanism of interaction of PR with tyrosine kinases is unclear, recent evidence indicates the existence of a specific polyproline motif in the NH 2 -terminal domain of PR that mediates direct progestin-dependent interaction of PR with SH 3 domains of various cytoplasmic signaling molecules, including c-Src tyrosine kinases. PR interaction with SH 3 -containing tyrosine kinases may also be the mechanism for progesterone-dependent MAPK activation (63) .
PI3K
In addition to protein kinase signaling pathways, non-transcriptional actions of sex steroid hormones can be mediated by the recruitment of lipid kinases. Indeed, upon binding with E 2 , ERa physically and functionally couples with the regulatory subunit of the lipid kinase PI3K, thus triggering an activation of the catalytic subunit and increasing intracellular production of phosphoinositides (64) (Fig. 3) . PI3K phosphorylates the D-3 position of the phosphatidylinositol ring, catalyzing the synthesis of lipid mediators that act as second messengers transferring the signaling cascade to intracellular protein kinases. One of the principal targets of this cascade is the serine-threonine protein kinase Akt/protein kinase B. Activation of Akt mediates many of the downstream cellular effects of PI3K triggered by E 2 , including rapid activation of the endothelial isoform of the nitric oxide (NO) synthase (eNOS) (64) . The relevance of this interaction has been confirmed in vivo, where estrogen induces a dramatic reduction in leukocyte adhesion to endothelium in vessels after ischemia/reperfusion, which is completely reversed by treatment with PI3K as well as eNOS inhibitors (64) . Activation of PI3K by estrogens is important also in breast cancer cells, where E 2 rapidly triggers association of ERa with Src and p85 (65) . This ternary complex probably favors hormone activation of Src-and PI3K-dependent pathways, which converge on cell cycle progression (65) .
Interaction with PI3K extends to other SRs, such as the AR and the glucocorticoid receptor (GR) (64) . Particularly, GR interacts with PI3K upon binding with different synthetic glucocorticoids, resulting in NO-dependent anti-inflammatory effects on blood vessels, and in potent anti-ischemic effects in the mouse heart (66).
Non-genomic actions of sex steroid hormones in steroid 'non-target' tissues
Non-genomic signaling by steroid hormones seems to be particularly important in tissues considered non-traditional targets of steroid hormones. These sites are those which, due to the relatively lower concentration of SRs, have been neglected in the past as possible steroid-regulated sites (67) . On the contrary, while growing evidence indicates that there may be no cells where steroid hormones are unable to exert regulatory actions, non-genomic mechanisms are found to play a prominent role in the modulation of these tissues by steroids.
Cardiovascular system
The cardiovascular system offers a paramount example of this phenomenon; in the past few years, the cardiovascular system has been shown to be an important target for estrogens (68) . Non-transcriptional signaling represents a particularly important mechanism of action for ERs at the vascular wall level (26, 69) . Female sex steroid hormones exert diverse effects on the vascular system, inducing rapid vasodilatation, blocking the vessel wall's response to injury, and decreasing the development of atherosclerosis (26, 69) . All of these A prototypical 'non-genomic' action of SRs is represented by vasodilatation induced by estrogens that occurs in a matter of seconds to minutes (70) . This acute effect is the result of a regulation of ion fluxes as well as of vasoactive molecules release on endothelial and VSMCs (Fig. 4) .
Regulation of NO synthesis is a major target of estrogens at the endothelial level. NO is a central controller of vascular function, playing a role as a potent vasodilator as well as an anti-inflammatory molecule (71) . Estrogen-induced endothelium-dependent vasodilatation in vivo is reliant on NO production (72) (Fig. 4) , and estrogen has been shown to regulate NO release by several means (Fig. 3) . The principal mechanism is probably represented by the rapid activation of eNOS. ERa is involved in the genesis of this phenomenon, which is independent of gene transcription and has been proposed to be in part due to the activation of MAPK-or tyrosine kinase-dependent pathways (73) . Unpublished data from our laboratory confirm this hypothesis, indicating that E 2 treatment of human endothelial cells results in a ultra-rapid activation of the Raf-1/MEK 1-2/ERK 1/2/MAP kinase module (T Simoncini and AR Genazzani, unpublished observations). Additionally, ERa rapidly activates eNOS through the PI3K/Akt pathway (64) . Another possible mechanism of regulation of eNOS by estrogen may involve the chaperone protein Hsp90, which basally interacts with the ER and dissociates from it upon binding with the ligand. In this regard, Hsp90 has been demonstrated to interact with eNOS and to dynamically regulate its enzymatic activity (74) . Additional mechanisms for non-genomic estrogen-induced vasodilatation are found in the potent and rapid regulation of Ca 2+ mobilization (7) and in the control of the cell membrane K + channels (38) in VSMCs, that produces vessel relaxation and increased blood flow (Fig. 4) . The vasodilatory effects of estrogens in the blood vessels have recently been found to be shared by progesterone (42) as well as by testosterone (44, 75) (Fig. 4) .
Central nervous system
A variety of actions of sex steroid hormones in the central nervous system have been linked to non-genomic mechanisms (27) . Sex steroids exert potent anesthetic and anxiolytic actions by acting on brain cells (76) . These effects largely depend on direct non-genomic modulation of the g-aminobutyric acid type A (GABA-A) receptor, which is a highly specific, structure-selective steroid effect (77) . In agreement, GABA-A receptor signaling is recruited by the progesterone metabolite 5a-pregnane-3a-ol-20-one in pituitary cells (78) , but the 3b isomer is completely inactive (78) . Estrogens and other steroids also affect neuronal excitability and non-genomic mechanisms play a major role in these phenomena. For instance, it has been known for a long time that E 2 rapidly decreases the spontaneous firing of neurons in the medial preoptic area (79) and rapidly increases the firing rate of pituitary cells (80) . Recently, non-genomic regulation of gonadotropin-releasing hormone (GnRH)-secreting neurons by androgens has been found (81) . In these cells, treatment with 5a-dihydrotestosterone (DHT) inhibits forskolin-stimulated accumulation of cAMP through a pertussis toxin-sensitive G-protein, Figure 4 Non-genomic actions of steroid hormones on the vascular wall. Steroid hormones induce rapid vasodilatation by acting via non-genomic mechanisms on several targets in vascular cells. E 2 induces rapid NO synthesis in endothelial cells via activation of eNOS. Endothelial-derived NO triggers activation of smooth muscle cell guanylate cyclase (GC), therefore inducing BKCa channel activation. Additionally, E 2 directly induces the activation of BKCa and Maxi-K + channels, and the inhibition of voltage-dependent L-type Ca 2+ channels in smooth muscle cells. Inhibition of L-type Ca 2+ channels in smooth muscle cells is also induced by progesterone (P) and testosterone (T). Testosterone is also able to activate BKCa channels in the same cells.
and the effect of DHT on cAMP accumulation is blocked by hydroxyflutamide, a specific inhibitor of ARs. In addition, evidence for a cell membrane 110 kDa protein which is recognized by anti-AR antibodies has also been found in GnRH neurons (81) , supporting a role of membrane ARs in the regulation of cellular cAMP.
As in other organs, sex steroids modulate protein kinase cascades in the brain. In neuroblastoma cells E 2 activates MAPKs (11). This action is independent of the classic nuclear mechanisms of action, but is not blocked by ICI 182,780 or by tamoxifen (11), indicating that a non-classical ER may be involved.
Ion fluxes play a critical role in the control of neuron function. E 2 activates a GPCR in rat neurons, thus rapidly suppressing ion currents mediated by L-type Ca 2+ channels (82) . Association with GPCRs and rapid intracellular signaling has been demonstrated in neuronal cell lines also for progesterone (33) . Moreover, estrogen has been shown to attenuate K + conductance and to induce depolarization of hypothalamic neurons via cAMP (83) .
Both estrogen and progesterone have neuroprotective effects in vitro (84) , but the molecular basis may be different. E 2 has originally been reported to promote cell viability under the effects of serum deprivation. These actions of E 2 are present at physiological concentrations, and enhance rat hypothalamic neuronal survival in a serum-free medium by an ER-dependent mechanism (85). One possible way through which estrogens protect neural cells may be the reduction of oxidative stress (86) that may be mediated, at least in part, by the ability to alter free radical production and/or free radical action through chemical scavenging. In addition, estrogen is neuroprotective against N-methyl-D-aspartate (NMDA)-and kainate-mediated neurotoxicity through the recruitment of tyrosine kinase/MAPK pathways (62) . As in breast cancer cells, estrogen-mediated enhancement of long-term potentiation in the hippocampus is mediated by activation of a Src tyrosine kinase pathway (62) . Thus, estrogen, by activating a Src tyrosine kinase and the ERK/MAPK signaling pathway, enhances NMDA receptor function and long-term potentiation and retains neuroprotective properties. Additional in vivo mechanisms of neuroprotection may be represented by the reduction of neuronal death during ischemia (87, 88) . These actions of estrogens are largely exerted via non-transcriptional mechanisms, and are thought to be the basis for the reduction of neuronal loss that would explain the suggested prevention of dementia of Alzheimer's type in women taking estrogens (89, 90) .
Sex steroid hormones non-genomic signaling: open questions and speculations
Non-transcriptional SR signaling is to many extents still a conundrum. Indeed, there is still a large number of rapid effects of steroid hormones which have to be fully characterized. Additionally, we ignore whether there are physiological or pathophysiological conditions where non-genomic signaling by SRs may be specifically important in vivo, or, on the contrary, whether conditions exist where modifications of steroid hormones concentrations can be found which are sufficiently rapid and consistent to trigger non-genomic signaling in vivo.
These questions are relevant and we can suppose that in some ways tissues could be sensitive to either general or local hormonal variations which would lead to non-genomic effects. If this is found to be true, we can also hypothesize that conditions in which the dynamic changes of hormonal concentrations are lost or reduced may suffer from the loss of such regulatory mechanisms, therefore possibly identifying situations where altered non-genomic steroid signaling may specifically contribute to determine pathological conditions. This is a formal possibility which we still have to explore; indeed, there have never been clinical studies considering the effects of steroid hormones where the non-transcriptional actions had been experimentally excluded, or, on the other hand, no clinical study has ever been designed to demonstrate that the systemic effects observed do not depend on non-genomic signaling mechanisms, either.
A promising avenue of investigation which may be of help in dissecting the role of the classic from the nongenomic signaling of steroids has recently been offered by the development of animals carrying point mutations which impair the binding of the receptors to DNA, therefore knocking out the transcriptional function of these molecules. This technique has been used to introduce mutations in the first zinc finger of the ER (E207A/ G208A and E207G/G208S) DNA-binding domain. These mutations abrogate ER binding to estrogen response elements but allow partial or full activity through non-classical mechanisms such as the modulation of the AP-1 promoter (91) . Recently, a knock-in mouse has been generated introducing this mutated form of ER (92) , and the comparison of the phenotype of these animals with that of ERa knockout (KO) mice is beginning to unveil precious information on the possible role of ER-mediated nongenomic actions. The heterozygous female mice are infertile due to a deficit in ovulatory function, and have a severe phenotype (92) , which is somewhat unexpected, since a single copy of the ERa gene is sufficient in heterozygous ERa KO mice to maintain a nearly normal function of ERa. The reason for this is unknown, but a possible explanation may be that a correct balance between non-genomic and genomic pathways is important for a functional cell regulation. Notably, the effect of this possible unbalance is different in the various organs, since knock-in mice show cystic hyperplasia in the endometrium but hypoplasia in the breast (92) . This observation stimulates intriguing hypotheses on the possible differential relevance of non-genomic actions of steroid hormones in different cell types.
Even if non-genomic signaling mechanisms are interpreted as pharmacological phenomena, the chance of activating or repressing selectively SRs' actions that are exerted through non-transcriptional mechanisms could open new avenues of pharmacological possibilities, with the chance of designing drugs which could differentially recruit transcriptional or non-transcriptional effects in selected tissues. Since non-genomic signaling has been consistently found to be of importance for relevant pathophysiological processes, molecules able to recruit selective rapid actions of steroids may turn out to be of use for diverse clinical applications.
Non-genomic SR signaling: a tentative interpretation
The understanding of the non-genomic signaling pathways for SRs represents a highly promising and exciting horizon. Based on the evidence gathered up to now on genomic and non-genomic signaling mechanisms by SRs, it is possible to submit a tentative interpretation of their relative role.
Genomic signaling mechanisms may represent the ways through which steroid hormones program the target cells, organs and systems for complex functions, providing the single cells and the cell networks with the tools to accomplish these tasks. These mechanisms require a relatively long time to get into action and could determine the medium-and long-term fate of the cell. The generation of cell specificity is mediated by a complex system of interacting proteins, which are differentially expressed in the distinct cells (Fig. 6) .
Non-genomic signaling mechanisms may instead represent the system through which SRs rapidly activate the cellular functionalities needed to adapt to dynamic changes in the surrounding milieu. These mechanisms would rapidly enable the cell to use tools which are already present and which become functionally activated or repressed. The time of onset of these effects can be extremely rapid, but the modifications of the cell program may be long-lasting anyway (Fig. 6) . A possible example of such a role can be found in the recently identified rapid regulation of signal transducer and activator of transcription (STAT) 3 and 5 in vascular cells (93) . STATs are a family of transcription factors regulating target genes through binding to consensus sequences in the promoters. Recent data indicate that estrogens can trigger the genomic actions of STAT3 and STAT5 by inducing rapid cytoplasmic phosphorylation of these factors through MAPK-, Src kinase-and PI3K-dependent pathways (93) . This newly identified signaling cascade may therefore be one of the first pieces of evidence for a tight interplay between non-genomic and genomic signaling mechanisms of steroid hormones.
Conclusions
In summary, non-transcriptional sex steroid hormone signaling represents a vast array of actions triggered by SRs through distinct molecular mechanisms in different tissues. There is growing evidence to suggest that part of these actions can be ascribed to SRs localized to the plasma membrane, but this does not seem to be an absolute requirement. Non-transcriptional signaling mechanisms are particularly important in nontraditional steroid target tissues, such as the cardiovascular and the central nervous systems, where they have been found to mediate important pathophysiological processes. Understanding in-depth the molecular mechanisms through which these actions are exerted represents an important frontier in order to engineer newer and more selective pharmacological tools for endocrine therapies. Genomic and non-genomic actions of steroid hormones: a tentative interpretation. Genomic actions of steroid hormones may serve to program cells, organs and systems for complex steroid hormone-regulated functions, providing the single cells and the cell networks with the tools to accomplish these tasks via gene expression and new protein synthesis. They are usually characterized by a relatively longer latency of action and could be meant to determine the medium-and long-term program of the cells. Non-genomic actions of steroids may instead serve to signal to the cells changes in the surrounding milieu, and to rapidly activate or repress the cellular functionalities needed to adapt to these changes, which are already present in the cells. The time of onset of these effects is usually extremely rapid, but the effects of these mechanisms may also serve to dynamically modulate the long-term cell program.
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